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The minimal, active core of human telomerase is postulated to contain two components, the
telomerase RNA hTER and the telomerase reverse transcriptase hTERT. The reconstitution of
human telomerase activity in vitro has facilitated the identification of sequences within the
telomerase RNA and the RT motifs of hTERT that are essential for telomerase activity. However,
the precise role of residues outside the RT domain of hTERT is unknown. Here we have delineated
several regions within hTERT that are important for telomerase catalysis, primer use, and
interaction with the telomerase RNA and the telomerase-associated protein TEP1. In particular,
certain deletions of the amino and carboxy terminus of hTERT that retained an interaction with
telomerase RNA and TEP1 were nonetheless completely inactive in vitro and in vivo. Further-
more, hTERT truncations lacking the amino terminus that were competent to bind the telomerase
RNA were severely compromised for the ability to elongate telomeric and nontelomeric primers.
These results suggest that the interaction of telomerase RNA with hTERT can be functionally
uncoupled from polymerization, and that there are regions outside the RT domain of hTERT that
are critical for telomerase activity and primer use. These results establish that the human
telomerase RT possesses unique polymerization determinants that distinguish it from other RTs.

INTRODUCTION

Telomeres are the specialized nucleoprotein complexes at
the physical ends of eukaryotic chromosomes (Greider and
Blackburn, 1996). Telomerase is a ribonucleoprotein (RNP)
enzyme that uses an internal RNA template to specifically
direct telomere synthesis (Greider and Blackburn, 1985,
1987). Telomerase plays an essential role in the dynamic
process of telomere length regulation in vivo by restoring
telomeric sequences that are lost during semiconservative
DNA replication (Watson, 1972; Olovnikov, 1973). Telomer-
ase activity has been purified from a number of different
organisms, including mammals (Greider, 1996). The telom-
erase RNA component (TER, telomerase RNA) has been
cloned from many different species (Greider, 1996), and the
secondary structure of the ciliate and mammalian telomer-
ase RNAs is highly conserved (Romero and Blackburn, 1991;
Lingner et al., 1994; McCormick-Graham and Romero, 1995;
Chen et al., 2000).

The first mammalian telomerase proteins (TEPs) were
identified based on homology with previously cloned telom-
erase components from ciliates and yeast. TEP1 is a Tetrahy-
mena p80 homolog that binds TER and is associated with
telomerase activity in cell extracts (Collins et al., 1995; Har-

rington et al., 1997a; Nakayama et al., 1997). The mammalian
telomerase reverse transcriptase (TERT) shares amino acid
sequence similarity with the catalytic telomerase subunit
previously identified in ciliates and yeast (Harrington et al.,
1997b; Kilian et al., 1997; Lingner et al., 1997; Meyerson et al.,
1997; Nakamura et al., 1997). Human TERT is a limiting
component for telomerase activity: the hTERT mRNA is
often up-regulated in cells containing telomerase activity,
and the introduction of hTERT confers telomerase activity to
primary human cells (Meyerson et al., 1997; Weinrich et al.,
1997; Bodnar et al., 1998; Counter et al., 1998; Nakayama et
al., 1998; Vaziri and Benchimol, 1998).

The first telomerase reconstitution assay was accom-
plished in Tetrahymena, where the functional requirements
for the telomerase RNA were delineated by the addition of
recombinant telomerase RNA to micrococcal nuclease-
treated extracts (Autexier and Greider, 1994; Gilley et al.,
1995; Gilley and Blackburn, 1996; Autexier and Greider,
1998; Autexier and Triki, 1999). With a similar assay to study
human telomerase, all 59 nucleotides leading up to the te-
lomerase RNA template, or the last 240 nucleotides of the
telomerase RNA are dispensable for telomerase activity (Au-
texier et al., 1996) (Figure 1B). More recently, a human te-
lomerase reconstitution assay has been developed in rabbit
reticulocyte lysates (RRL) that requires only the addition of
recombinant hTERT and the telomerase RNA (Weinrich et
al., 1997; Beattie et al., 1998). In this assay, the telomeraseCorresponding author: E-mail address: leah@oci.utoronto.ca.
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RNA requirements for catalysis in the presence of recombi-
nant hTERT are similar to the hTER requirements in the
nuclease-based reconstitution assay (Autexier et al., 1996;
Beattie et al., 1998). For example, nucleotides 110 to 1159 of
the hTER, which contains the telomeric template, are suffi-
cient to reconstitute weak telomerase activity (Beattie et al.,
1998). Two nonoverlapping pieces of the telomerase RNA
(constructs 133 to 1147 and 1164 to 1325) are also active
when combined with hTERT in a similar rabbit reticulocyte
reconstitution assay (Tesmer et al., 1999).

The determinants within the telomerase RNA that are
important for catalysis have been extensively characterized
in ciliates and yeast. Tetrahymena TERT and the telomerase
RNA are sufficient to reconstitute telomerase activity in RRL;
however, there are additional sequences within the telom-
erase RNA that are required for activity in RRL that are
dispensable within the native Tetrahymena telomerase en-
zyme (Autexier and Greider, 1998; Autexier and Triki, 1999;

Licht and Collins, 1999). With an RNP gel shift assay, the
highly conserved pseudoknot in the telomerase RNA is im-
portant for tTERT binding but is not required for association
with the Tetrahymena telomerase-associated proteins p80 or
p95 (Autexier and Greider, 1994, 1995; Gilley and Blackburn,
1999; Licht and Collins, 1999). In the yeasts Saccharomyces
cerevisiae and Kluyveromyces lactis, certain mutations outside
the telomerase RNA template domain are critical for telom-
erase RNP assembly, polymerization, and telomere length
maintenance in vivo (McEachern and Blackburn, 1995; Bhat-
tacharyya and Blackburn, 1997; Prescott and Blackburn,
1997b; Roy et al., 1998). These studies illustrate a critical role
for the telomerase RNA distinct from its templating function
in telomerase catalysis in humans, ciliates, and yeast.

Much less is known about the role of specific domains
within the TERT in telomerase function in vitro and in vivo.
Point mutations within the conserved RT domain of Est2p
and hTERT abolish telomerase activity, which demonstrates

Figure 1. hTERT and hTER. Schematic of the human telomerase
RT and telomerase RNA. (A) The first 200 amino acids contain very
weak sequence similarity to the TERT proteins from other species,
and therefore we were interested in elucidating the importance of
the N terminus. The region between amino acids 200 and 400
contains high arginine and proline content, which is thought to be
important in protein–protein interactions. The region between
amino acids 536 and 600 has a weak homology to cyclin E. Amino
acid 560 begins the region of highest similarity to other TERT family
members, and includes the telomerase specific motif. The region of
highest similarity to other RTs begins at amino 601. C-terminal
truncations of hTERT included a truncation at amino acid 884,
which deletes RT motif 6 (GVPEYGCVVNLRKTVV) of hTERT, a
truncation at amino acid 913, and a truncation at amino acid 927,
which removes motif 7 (hLGxxh), and ends at the highly conserved
RT motif. Other C-terminal truncations were made at increments of
;50 amino acids from 927 to the C terminus of the protein. Each of
these specific regions was deleted to ascertain its role in the telom-
erase complex with regard to activity, hTER binding, and interac-
tion with TEP1. (B) Secondary structure of the human telomerase
RNA adapted from Chen et al. (2000). The template region of hTER
falls between nucleotides 44 and 52. Highly conserved motifs such
as the pseudoknot domain; conserved regions (CR) 4, 5, and 7; and
the H/ACA box are indicated in gray. Specific 59 and 39 truncations
were made at the positions indicated to ascertain the roles of specific
RNA sequences and structures in the reconstitution of human te-
lomerase activity.
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that the RT domain is essential for telomerase function
(Counter et al., 1997; Harrington et al., 1997b; Lingner et al.,
1997; Weinrich et al., 1997; Beattie et al., 1998; Nakayama et
al., 1998). In addition, residues within the N terminus of
Est2p are required to bypass senescence of est2D cells in S.
cerevisiae (Friedman and Cech, 1999). For the majority of the
N-terminal Est2p mutations, the loss of telomere length
maintenance can be explained by a reduction in telomerase
RNA binding (Friedman and Cech, 1999). However, one
mutant appears to be defective in recruitment to the telo-
mere because telomere shortening occurs despite robust te-
lomerase activity and telomerase RNA binding (Friedman
and Cech, 1999).

The minimal requirements for hTERT that are necessary
for telomerase activity and telomerase RNA binding have
not yet been examined. Here we demonstrate that certain
deletion mutations of hTERT that contain the entire RT
domain are completely inactive in vivo and in vitro. These
truncated proteins do not appear to be grossly misfolded
because they are competent for binding to both telomerase
RNA and TEP1. We have shown that the amino terminus of
hTERT is also important for the ability to extend telomeric
and nontelomeric primers. These findings suggest that there
are regions within the telomerase RT that are dispensable for
telomerase RNA binding but are essential for primer use
and polymerization in vivo.

MATERIALS AND METHODS

Cloning of hTER and hTERT
The full-length human telomerase RNA, spanning nucleotides 1 to
451 (Feng et al., 1995) was cloned as described in Bryan et al. (1997).
DNA fragments containing hTER sequences were obtained by am-
plification of HeLa genomic DNA by using the polymerase chain
reaction (PCR). A subsequent PCR amplification was performed
with a 59 primer containing the T7 polymerase promoter sequence.
This PCR product was cloned into pUC19 for the template for in
vitro transcription (T7-hTER-pUC). The full-length hTERT cDNA
plasmid was described previously (Harrington et al., 1997b; Beattie
et al., 1998). With this plasmid, N-terminal and C-terminal deriva-
tives of hTERT were generated and replaced by using the appro-
priate PCR primers, with the sequence coding Flag epitope
(DYKDDDDK) at the end of all 39 primers (for specific hTERT
derivatives see figure legends).

In Vitro Transcription
All transcription experiments were carried out at the Ontario Can-
cer Institute similar to methods previously described (Beattie et al.,
1998). hTER plasmid DNA (T7-hTER-pUC) was linearized by diges-
tion with BssHII (1/10–91), XbaI (1/10–159), SmaI (1/10–205), EarI
(1/10–305) StuI (1–354), or EcoRI (1–451) to obtain template for
either full-length or the respective hTER truncation. T7 transcription
reactions (200 ml) contained 10 mg of linearized template DNA, 40
mM Tris-HCl, pH 8.0, 2 mM spermidine, 10 mM dithiothreitol, 1
mM each NTP, 350 U RNA guard, 100 U T7 RNA polymerase, and
6 mM MgCl2. After 2 h of incubation at 37°C, the template was
inactivated by adding 200 U DNase I and incubated for 20 min at
37°C. The reactions were extracted with phenol and chloroform:
isoamyl alcohol (24:1), ethanol precipitated, and resuspended in
water. RNAs were purified from 8 M urea/4% wt/vol polyacryl-
amide (19:1 acrylamide:bis) by elution in water, filtered through a
Supor membrane 0.8 mm/0.2-mm filter (Gelman Sciences, Ann Ar-
bor, MI), precipitated in ethanol, and dissolved in water.

In Vitro Reconstitution
Rabbit reticulocyte T7-coupled transcription/translation reactions
were performed as per the manufacturers’ instructions (Promega,
Madison, WI). Full-length or different hTERT truncations containing
a flag-epitope at the C terminus were synthesized in RRL in the
presence of either 0.01 mg/ml full-length hTER or 0.1 mg/ml hTER
truncations. Each of the hTERT cDNAs was added to the reticulo-
cyte lysates at a concentration of 0.01 mg/ml and incubated at 30°C
for 90 min.

Cell Lines and Transfections
hTERT and TEP1 constructs cloned into PCR3 were transfected into
human embryonic kidney 293T cells with either Lipofectamine (Life
Technologies, Gaithersburg, MD) or Superfect (Qiagen, Chatsworth,
CA) as per the manufacturers’ instructions.

Immunoprecipitation
Twenty-five microliters of reticulocyte lysates or 200 mg of 293T-
transfected cell extract was immunoprecipitated with 15 ml of M2
affinity resin from Sigma (St. Louis, MO) in 0.5% 3-([3-cholamido-
propyl]dimethylammino)-2-hydroxy-1-propanesulfonate, 10 mM
Tris-HCl, pH 7.5, 1 mM MgCl2, 1 M NaCl, 5 mM b-mercaptoethanol,
and 10% glycerol. Two microliters of beads was analyzed for telom-
erase activity by the telomere repeat amplification protocol (TRAP)
assay, and 10 ml of beads was examined by Western blot analysis.
For reticulocyte lysate assays used for Northern analysis, 100 ml of
lysate was immunoprecipitated with 60 ml of M2 affinity resin
(anti-flag beads; Sigma).

Western Analysis
After immunoprecipitation, beads were resuspended in SDS-
PAGE–loading dye, the samples were heated for 5 min at 100°C, and
electrophoresed on a 4–12% wt/vol Tris glycine SDS page gel. The
gel was transferred to polyvinylidene difluoride membrane in 39
mM glycine, 48 mM Tris base, and 20% vol/vol methanol. After the
electrotransfer, the membrane was treated with methanol, blocked
in 5% wt/vol milk, and probed with 0.2 mg/ml anti-TERT peptide
antisera (Harrington et al., 1997b) to detect hTERT, or 0.5 mg/ml
anti-myc monoclonal antibody (PharMingen, San Diego, CA) to
detect TEP1.

Northern Analysis
Twenty microliters of beads from the anti-flag immunoprecpitations
of hTERT–hTER complexes synthesized in RRL was extracted once
with phenol, once with phenol:chloroform/isoamyl alcohol (25:24:
1), and precipitated with 0.1 volumes 3 M sodium acetate and 2.5
volumes of ethanol in the presence of 1 ml of Gen-elute linear
polyacrylamide (Sigma). The RNA pellets were then analyzed by
Northern blot as described (Feng et al., 1995).

Telomerase Elongation Assays
The TRAP was performed according to manufacturer’s instructions
(Intergen, Inc., Purchase, NY) (Kim et al., 1994). The two different
primers used for the elongation step were the TS primer 59-AATC-
CGTCGAGCAGAGTT-39, and an oligonucleotide identical to the TS
primer, but lacking the terminal (GTT) 39 nucleotides. Unless oth-
erwise indicated, 0.1 mg of primer and 2 ml of the anti-FLAG
immunoprecipitates, or 1 ml of reconstituted reticulocyte lysate was
assayed, and amplified for 25 PCR cycles. Extract titrations, as
indicated in certain figures and our unpublished data, were used to
confirm that the telomerase assays were in the linear range. Five
microliters of TRAP reactions was subsequently loaded onto a 12%
wt/vol 29:1 acrylamide:bis, nondenaturing gel and electrophoresed
for 1 h at 800 V.
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RESULTS

It was previously demonstrated that in RRL, only two ex-
ogenous components, hTERT and hTER, are required for
telomerase activity (Weinrich et al., 1997; Beattie et al., 1998).
These components are also sufficient to reconstitute human
telomerase activity in S. cerevisiae (Bachand and Autexier,
1999). Currently, there are no reports of reconstituted telom-
erase activity from completely purified components. This
could be due to several reasons, including the necessity for
other factors for catalysis or protein folding. For example,
formation of the duck hepatitis B RT–RNP complex requires
the heat shock protein Hsp90 and p23 activity (Hu and
Seeger, 1996; Hu et al., 1997). In support of this hypothesis,
it has recently been demonstrated that p23 and Hsp90 in the
RRL facilitate the folding of hTERT and hTER into an active
complex (Holt et al., 1999). In that study, purified telomerase
RNA is added after the translation of hTERT. In our studies,
purified telomerase RNA is added to the reticulocyte lysate
mixture before synthesis of hTERT, which we found to
increase the levels of telomerase activity relative to the ad-
dition of telomerase RNA after hTERT synthesis (Beattie et
al., 1998; Beattie and Harrington, unpublished data).

To investigate the regions of hTERT critical for telomerase
activity in vitro, we synthesized systematic amino- and car-
boxy-terminal truncations of hTERT (Figure 1A) and com-
pared each for its ability to reconstitute telomerase activity
(Figure 2). After translation of hTERT in the presence of
purified full-length telomerase RNA, the lysates were im-
munoprecipitated with an anti-flag antibody and assayed
for telomerase activity by the TRAP (Figure 2A). A deletion
of the first 300 amino acids of hTERT retained telomerase
activity, however, this truncated protein catalyzed predom-
inately short elongation products, even after PCR amplifica-
tion of the telomerase extension products (Figure 2A, lanes
2–5). Deletion of the 20 C-terminal amino acids of TERT
significantly reduced telomerase activity, and deletion of the
45 C-terminal residues abolished activity (Figure 2A, lanes
24 and 23). With the exception of full-length hTERT, Western
analysis of the immunoprecipitates indicated that compara-
ble levels of each hTERT truncation were present (Figure
2B). These results suggest that there are critical regions
outside the conserved RT domain (which roughly corre-
sponds to amino acids 601–927, lane 16) that are important
for the reconstitution of catalytic activity in the RRL assay.
Curiously, full-length hTERT, when combined with the te-
lomerase RNA, appears to be extremely labile and difficult
to detect by Western analysis, even after a long exposure of
the hTERT immunopreciptations (Figure 2B; our unpub-
lished results). For this reason, and because we cannot de-
termine the percentage of hTERT in the immunoprecipitated
complex that is active, we have not attempted to make
quantitative comparisons between the apparent specific ac-
tivity of full-length hTERT relative to the truncation deriv-
atives of hTERT.

To determine whether there is a correlation between loss
of hTER binding and loss of catalytic activity of the hTERT
truncations, the anti-flag immunoprecipitates containing
hTERT were analyzed for association with hTER (Figure
2C). Many of the inactive C-terminal hTERT truncations
were competent to bind the telomerase RNA (Figure 2C,
lanes 11, 12, 17–23). The shortest C-terminal hTERT trunca-
tions that retained telomerase RNA binding spanned amino

acids 1–884 and 301–927 (lanes 12 and 17). Therefore, the
loss of activity associated with certain hTERT truncations in
vitro is not due to the inability of the protein to bind the
telomerase RNA, or a gross disruption in the overall confor-
mation of the truncated protein. These results demonstrate
that the catalytic activity of hTERT and the RNA-binding
activity of hTERT are functionally distinct.

It is possible that the requirement for catalytic activity of
the telomerase complex differs between the reconstituted
system and the native human telomerase complex. To com-
pare the catalytic activity of several hTERT truncations in
human cells, various hTERT deletion constructs containing a
flag epitope were transfected into human 293T cells, immu-
noprecipitated by using an anti-flag antibody, and assayed
for telomerase activity (Figure 2, D and E). As a control, we
showed previously that wild-type, flag-tagged full-length
hTERT was fully functional when transfected into human
cells (Harrington et al., 1997b; Figure 2D, lane 1). Similar to
the reconstitution of telomerase activity in reticulocyte ly-
sates, the first 300 amino acids could be deleted and still
retained telomerase activity (Figure 2D, lanes 2–5). Interest-
ingly, unlike the activity associated with these hTERT trun-
cations in RRL, amino-terminal truncations of hTERT when
expressed in 293T cells did not show predominantly shorter
elongation products (Figures 2D, lanes 2–5, and 5). Several
of the C-terminal truncations of hTERT were active when
transfected into 293T cells, whereas they were completely
inactive in the reticulocyte reconstitution assay (Figure 2, cf.
A and D, lanes 11 and 19–23). For example, carboxy-termi-
nal truncations of hTERT that lacked the last 205 amino acids
remained active when transfected into 293T cells (Figure 2D,
lane 19). Moreover, an hTERT truncation spanning amino
acids 201–927 was still active when transfected into 293T
cells, although it was completely inactive in reticulocyte
lysates (Figure 2, cf. A and D, lane 11). Deletion of hTERT at
amino acid 913 completely abrogated the catalytic activity of
this truncation in 293T cells (Figure 2B, lane 17). Thus,
N-terminal hTERT deletions were competent for catalysis in
vitro and in vivo; however, the catalytic properties of C-
terminal hTERT deletions differ considerably between re-
ticulocyte lysates and human cells.

The inability of certain C-terminal hTERT truncations to
support catalytic activity in reticulocyte lysates did not re-
flect an inability to bind the telomerase RNA. All of the
C-terminal hTERT truncations that were active in 293T cells
could still bind the telomerase RNA when they were syn-
thesized in reticulocyte lysates (Figure 2C). Thus, the differ-
ences in telomerase activity between reticulocyte lysates and
cells could not be attributed to the inability of the trunca-
tions to bind the telomerase RNA. Interestingly, three of the
hTERT truncations that were inactive in both 293T cells and
in reticulocyte lysates (301–927, 1–884, and 1–913), still re-
tained the ability to bind hTER (Figure 2C, lanes 12, 17, and
18). These results suggest that the loss of catalytic activity of
many of the hTERT truncations, either in human cells or in
reticulocyte lysates, is more complex than loss of association
with the telomerase RNA, and additional determinants are
important for the observed activity in cells. Furthermore,
there are regions of hTERT outside the RT region that are
critical for telomerase activity both in RRL and in human
immortalized cells.
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Figure 2. Regions outside the conserved RT domain of hTERT are important for telomerase activity. Numbering refers to the positions of the
amino acids of hTERT. (A) Results of telomerase assays from hTERT truncations synthesized in RRL. Different amino- and carboxy-terminal
truncations of hTERT (as indicated) containing a flag epitope tag were synthesized in RRL in the presence of purified hTER, and were subjected
to an anti-flag immunoprecipitation and analyzed for telomerase activity. (B) Analysis of protein production in the reticulocyte lysates by Western
analysis with an a-hTERT peptide polyclonal antibody (Harrington et al., 1997b). Full-length hTERT is not visible due to low levels of the protein
below the limit of detection. However, equal amounts of hTERT cDNA were added to the reticulocyte lysates and the presence of telomerase
activity indicated that hTERT is present. (C) Northern blot analysis of the anti-flag immunoprecipitations of the hTERT truncations probed with
an end-labeled oligonucleotide complementary to the RNA template region (see MATERIALS AND METHODS). hTER is not detected with
full-length hTERT because of reduced levels of hTERT (B). The hTERT truncations were transfected into human 293T cells, immunoprecipitated
with anti-flag antibody, and analyzed for telomerase activity by the TRAP assay (D), and hTERT protein levels by Western analysis (E).
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A previous study demonstrates that hTERT and the RNA-
binding protein TEP1 could interact in human 293T or HeLa
cell extracts (Harrington et al., 1997b). However, the addition
of TEP1 is not required to reconstitute telomerase activity in
vitro (Weinrich et al., 1997; Beattie et al., 1998; Bachand and
Autexier, 1999). To further verify that the hTERT truncations
were correctly folded, and to delineate the regions of hTERT
that were necessary for the interaction with TEP1, we tested
the hTERT truncations for their ability to interact with TEP1.
Human 293T cells were cotransfected with each of the flag-
epitope–tagged hTERT truncations and with full-length
myc-epitope–tagged TEP1. Cell extracts were then immuno-
precipitated with anti-flag antibody and analyzed by West-
ern blot with anti-flag and anti-myc antibodies. Each of the
hTERT truncations (all of which maintain an intact RT do-
main, except for constructs 1–350 and 927-1132) were able to
bind TEP1 (Figure 3A; our unpublished results). However,
an hTERT truncation that spanned amino acids 927-1132 did
not interact with TEP1 (Figure 3A, lane 9). These results
suggest that each of the hTERT truncations that contained
the conserved RT motifs maintained a conformation that
allowed an interaction with TEP1. It is noteworthy that two
nonoverlapping regions of hTERT (spanning amino acids
1–350 and 350-1132) were each able to specifically interact
with TEP1. Because it is not known whether the interaction
of hTERT and TEP1 is direct, it is possible that there are
multiple regions of hTERT that are capable of binding to
TEP1, either directly or indirectly.

We also tested whether hTERT truncations synthesized in
reticulocyte lysates were competent to interact with TEP1. It
was necessary to use TEP1 from human cell extracts because
it was not possible to synthesize full-length TEP1 in RRL
(our unpublished results). Full-length hTERT and the RT
domain of hTERT (601–927) each interacted with full-length
Myc-TEP1 (Figure 3B). Similarly, other hTERT truncations
that contained an intact RT domain were competent to bind
TEP1 (our unpublished results). As a control, TEP1 could
not be coimmunoprecipitated onto anti-flag resin in the
absence of hTERT (Figure 3B, lane 9). Thus, the hTERT
truncations both in RRL and in human immortalized cells
are in a conformation that allows their interaction with
TEP1. We also observed no change in telomerase activity
upon coimmunoprecipitation of TEP1 with hTERT either in
RRL or in transfected 293T cells (Figure 3B; our unpublished
results). These results further suggest that TEP1 is not re-
quired to reconstitute activity in RRL (Weinrich et al., 1997;
Beattie et al., 1998).

In an effort to determine why the hTERT C-terminal trun-
cations were inactive in vitro but active in human cell ex-
tracts, we tested whether a diffusible factor present in 293T
cell extracts could restore activity to the longest inactive
hTERT C-terminal truncation (a truncation spanning amino
acids 1–1087). We added 293T cell extracts to hTERT pro-
teins synthesized in RRL, and immunoprecipitated the com-
plex by using an anti-flag antibody and assayed for telom-
erase activity. Addition of the human cell extract could not
confer activity to the hTERT truncation spanning amino
acids 1–1087 (Figure 4, cf. lanes 2 and 8). Moreover, activity
could not be restored to the hTERT truncation when 293T
cell extracts were added to the reticulocyte lysate during the
translation of hTERT, or when added to a shorter, inactive
C-terminal truncation spanning amino acids 1–927 (our un-

Figure 3. TEP1 binding of hTERT truncations. (A) hTERT truncations
and full-length TEP1 (containing a myc-epitope tag) were cotransfected
into human 293T cells. Cell extracts were immunoprecipitated by using an
anti-flag antibody (to immunoprecipitate hTERT, bottom) and then ana-
lyzed by Western analysis by using anti-myc antibody to examine coim-
munoprecipitation of TEP 1 (top). (B) Full-length hTERT was synthesized
in RRL in the presence of 0.002 mg/ml purified hTER. The lysate alone (no
DNA), containing full-length hTERT (TERT) or containing the RT domain
(601–927) was incubated on ice either alone (alone, lanes 1 and 4), with
mock 293T-transfected cell extracts (1mock, lanes 2 and 5), or TEP1 (with
a myc epitope tag) transfected 293T cell extracts (1TEP1, lanes 3 and 6).
The mixtures were then immunoprecipitated with anti-flag antibody and
assayed for telomerase activity (top) and blotted for the presence of hTERT
by using an anti-hTERT antibody (Western blot, middle) and TEP1 by
using an anti-myc antibody (Western blot, bottom).
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published results). Therefore, the ability of the hTERT trun-
cation spanning residues 1–1087 to support activity in hu-
man 293T cells is not simply due to diffusible factors in the
cell extract.

The activity conferred by full-length hTERT in the RRL
shares many properties with native human telomerase
(Weinrich et al., 1997; Beattie et al., 1998). However, we did
find one notable difference: in RRL; hTERT truncations lack-
ing the first 200–300 amino acids catalyzed the production of
considerably shorter elongation products compared with the
same truncation produced in 293T cells (Figure 2, cf. A and
D, lanes 2–5). To further investigate the polymerization de-
fect of the 201-1132 hTERT truncation, we compared the
ability of full-length hTERT and the truncation spanning
amino acids 201-1132 to elongate different primers (Figure
5). The first primer tested was an oligonucleotide of random
sequence ending in GTT (see MATERIALS AND METH-
ODS), and the second was identical to the previous oligo-
nucleotide except that the 39 GTT nucleotides were omitted.
Full-length hTERT expressed in 293T cell extracts or in RRL
was able to elongate both primers (Figure 5). However, an
hTERT truncation spanning amino acids 201-1132 was able
to elongate the shorter primer only when present in 293T cell
extracts (Figure 5, lanes 18 and 19). When synthesized in
RRL, the truncation derivative of hTERT was unable to
elongate the shorter primer (Figure 5, lanes 13 and 14). This
result suggests a decrease in the ability of the hTERT trun-
cation to bind or elongate nontelomeric oligonucleotide sub-
strates. Despite the fact that deletion of the first 200 amino
acids of hTERT did not affect telomerase RNA or TEP1
binding, this deletion derivative was unable to use nontelo-
meric primers in vitro. Thus, the first 200 nucleotides of
hTERT may be necessary to facilitate an interaction between
hTERT and certain primer sequences. Alternatively, the ab-
sence of the first 200 amino acids of hTERT may subtly affect
the conformation of the RNP that is only revealed upon
challenge with a nontelomeric oligonucleotide substrate.

If the different catalytic properties of full-length and cer-
tain hTERT truncations were the result of subtle conforma-
tional differences, we reasoned that full-length and hTERT
truncations may exhibit different abilities to bind and use
shorter telomerase RNAs. We previously showed that a
telomerase RNA truncation spanning nucleotides 10–159
was active in the presence of full-length hTERT in vitro
(Beattie et al., 1998). In that study, the shortest telomerase
RNA deletion that was sufficient for catalytic activity in

Figure 4. Cell extracts cannot restore activity to an inactive C-
terminal hTERT truncation synthesized in reticulocyte lysates. To
examine differences observed with the hTERT truncations made in
RRL and human 293T cells, cell extracts were incubated in ice with
RRL containing either full-length hTERT, an hTERT truncation con-
taining amino acids 1–1087 (1–1087), or a RRL lysate only control
(TNT lysate). The individual cell extracts (lanes 1–3) and the RRL
reactions (lanes 4–6), as well as the mixtures (lanes 7–9) were
immunoprecipitated with an a-flag antibody and assayed for telom-
erase activity (A) and hTERT by Western blot analysis by using an
anti-hTERT antibody (B). As mentioned previously, those lanes
marked with an p possessed levels of FL-hTERT that, although
active, were below the limit of detection on a Western blot.

Figure 5. Primer use by full-length and 201-
1132 hTERT. Anti-flag immunoprecipitations
containing full-length hTERT (FL), an hTERT
truncation spanning amino acids 201-1132
(201), or lysate only (mock), from either RRL
(lanes 1–5 and 11–15) or transfected human
293T cells (293T; lanes 6–10 and 16–20) were
analyzed for telomerase activity with 0.1 mg
of either the TS primer (lanes 1–10) or a TS
primer that lacked the 39 GTT nucleotides
(239 GTT, lanes 11–20). The triangles repre-
sent 2-fold dilutions of each of the immuno-
precipitates to demonstrate that the telomer-
ase reactions were in the linear range.
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reticulocyte lysates spanned nucleotides 110 to 1159. Inter-
estingly, upon repeating our analysis with telomerase RNAs
beginning at nucleotide 11, we found that some of these
telomerase RNA truncations were not active (Figure 6B,
bottom). For example, the telomerase RNA spanning 110 to
1159 is active, as demonstrated previously, whereas an
RNA spanning nucleotides 11 to 1159 is not active in RRL

(Figure 6B lanes 7 and 8). Some of the longer telomerase
RNAs beginning at residue 1 were active, albeit weakly
compared with full-length telomerase RNA (Figure 6B, bot-
tom, lanes 4 and 6). These results suggest that, in the context
of some shorter telomerase RNAs, the first 10 nucleotides are
inhibitory to the reconstitution of telomerase activity. These
results are qualitatively similar to those of Tesmer et al.

Figure 6. RNA binding and catalytic activities of hTERT and hTER truncation combinations. (A) Northern analysis (as in Figure 2C) of each
in vitro transcribed hTER truncation (5 ng) before the addition of RRL. Numbers of the hTER truncations refer to nucleotide positions. (B)
Full-length hTERT or 301-1132 hTERT was synthesized in RRL in the presence of different hTER truncations (0.01 mg/ml the specified hTER
construct). Each hTER truncation (5 ng) was analyzed by Northern analysis after incubation in the RRL (top). The RRL were subjected to an
anti-flag immunoprecipitation and assayed for RNA binding by Northern analysis (IP/Northern, middle) and telomerase activity (IP/TRAP,
bottom). (A) Assayed for telomerase activity. (B) RNA binding by Northern analysis (as in Figure 2). Lanes 1–12, full-length hTERT
synthesized in the presence of the indicated hTER truncation; lanes 13–24, 301-1132 hTERT synthesized in the presence of the indicated hTER
truncation, lane 25, full-length hTER with no hTERT protein.
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(1999) who observed that some telomerase RNA deletion
derivatives are more active when initiated at nucleotide 133
than when initiated at nucleotide 11. Although we observed
weak telomerase activity with a telomerase RNA spanning
nucleotides 1–205, Tesmer et al. (1999) concluded that the
minimal RNA necessary for efficient reconstitution of telom-
erase activity spans nucleotides 1–325. Because TRAP is not
a quantitative assay, we have not quantified the levels of
telomerase activity between the different telomerase RNA
deletions. However, our results are clearly consistent with
the idea that telomerase RNAs ,325 nucleotides are much
less active than full-length telomerase RNA (Beattie et al.,
1998; Tesmer et al., 1999).

We examined each of these telomerase RNA truncations
for the ability to reconstitute activity with hTER and an
hTERT truncation spanning amino acids 301-1132. The
hTERT truncation retained telomerase activity with full-
length hTER; however, similar to the hTERT truncation
spanning amino acids 201-1132, the truncation spanning
amino acids 301-1132 also exhibited shorter telomerase ex-
tension products. In contrast to full-length hTERT, all of the
hTER RNAs that were deleted past nucleotide 354 showed
significantly reduced telomerase activity when mixed with
the hTERT truncation spanning amino acids 301-1132 (Fig-
ure 6B, bottom, lanes 15–24).

In a reconstitution assay with micrococcal nuclease-
treated cell extracts followed by the addition of exogenous
hTER, the first 40 nucleotides of hTER were not required for
activity with native telomerase (Autexier et al., 1996). We
also found that the first 40 nucleotides of hTER were not
required for activity with full-length hTERT in the RRL
reconstitution assay, although the activity observed was
reduced relative to the full-length telomerase RNA. (Figure
6A, cf. lanes 1 and 11). However, the first 40 nucleotides
were necessary for reconstitution with the hTERT truncation
spanning amino acids 301-1132. A telomerase RNA span-
ning nucleotides 140 to 1159 was not active with either
full-length hTERT or the 301-1132 hTERT truncation (Figure
6, lane 12 and 24).

To determine whether loss of activity with the truncated
telomerase RNAs was due to loss of RNA binding, we
examined the association of each of the RNAs with the
full-length hTERT and an hTERT truncation (301–1132) by
Northern analysis of the anti-flag immunoprecipitates (Fig-
ure 6B, middle). Each of the hTERT proteins was able coim-
munoprecipitate all of the truncated RNAs, except an RNA
spanning nucleotides 40–159. The amount of each telomer-
ase RNA added before the immunoprecipitation was simi-
lar, although some degradation of the RNAs did occur after
incubation in the RRL (Figure 6, A and B, top). The telom-
erase RNA-binding profiles for both full-length hTERT and
the hTERT deletion spanning amino acids 301-1132 were
similar, whereas the telomerase activity profiles were clearly
different. These results reveal that there are different RNA
requirements for hTERT binding and catalysis, and further
support our observation that the catalytic activity and the
RNA-binding activity of hTERT are functionally distinct.
These results also suggest that any conformational difference
between full-length and the 301-1132 hTERT truncation was
not different enough to alter the interaction with shorter
telomerase RNAs.

DISCUSSION

We have examined the regions of hTERT required for cata-
lytic activity in vitro and in transfected 293T cells. We found
that the first 300 amino acids of hTERT were not absolutely
essential for telomerase activity either in RRL or transfected
293T cells. However, in RRL, but not in transfected human
293T cells, deletion of the N terminus of hTERT severely
compromised the extension of telomeric and nontelomeric
primers, suggesting a defect in either enzyme translocation,
processivity, or primer binding. In reticulocyte lysates,
hTERT C-terminal deletions of 45 amino acids and beyond
completely abolished telomerase activity. These results dif-
fer from the mutation analysis of HIV-RT, where up one-
third of the C terminus (right up to the RT motif) could be
disrupted with little effect on polymerase activity (Prasad
and Goff, 1989). Unlike HIV-RT, these results indicate that
there are protein requirements for catalysis that are outside
of the conserved RT domain of hTERT. The differences ob-
served in vitro and in cells also demonstrate that although
the reconstitution assay is important for delineating specific
RNA and protein requirements, the recombinant enzyme
does not completely recapitulate all of the properties of
native human telomerase.

The differences in activities of hTERT truncations between
cells and reticulocyte lysates are not due to the inability of
the hTERT truncations to bind the telomerase RNA hTER in
vitro. Each of the truncations that were active in human cells
was competent to bind hTER in vitro. Therefore, the inac-
tivity of the hTERT truncations was not likely the result of a
grossly misfolded protein that disrupted telomerase RNA
binding. These results demonstrate that the catalytic activity
of hTERT and the RNA-binding activity of hTERT are sep-
arable. Studies with S. cerevisiae Est2p demonstrated the
importance of the N terminus in the bypass of senescence
and in telomerase RNA binding (Friedman and Cech, 1999).
However, in this study, no catalytically inactive mutations
were identified that retained the ability to bind the telomer-
ase RNA. However, point mutations within the Est2p and
hTERT RT region, although catalytically inactive, still retain
the ability to bind the telomerase RNA (Lingner et al., 1997;
Zhang et al., 1999; our unpublished data). Our analysis dem-
onstrates that although inactive in vitro and in 293 cells,
certain hTERT truncations also retain the ability to interact
with the telomerase RNA.

We also found that TEP1 could interact with hTERT trun-
cations that contain the RT domain. Because TEP1 was able
to interact with an hTERT truncation (RT domain) that could
not bind the telomerase RNA, we suggest that the interac-
tion may occur independent of the telomerase RNA. This
result is consistent with our observation that the interaction
between TEP1 and TERT is not sensitive to treatment with
RNase in cell extracts or in RRL (Harrington et al., 1997b; our
unpublished results). These results demonstrate that deter-
minants involved in the hTERT–TEP1 interaction remain
intact in RRL, and that the interaction with the RT domain is
most likely not dependent on the telomerase RNA. We
cannot rule out that other critical structures that are impor-
tant for catalytic activity have been disrupted. Because we
were unable to synthesize full-length TEP1 in RRL, our
source of TEP1 was from 293T transfected cells. Therefore,
this assay does not allow us to address whether the interac-
tion between hTERT and TEP1 is direct. The addition of
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TEP1 to telomerase reconstituted in RRL does not affect
catalysis in vitro. Although TEP1 is associated with telom-
erase activity and can specifically bind the telomerase RNA
(Harrington et al., 1997; Nakayama et al., 1997), these results
suggest that the addition of TEP1 to the telomerase complex
does not directly influence catalytic activity, at least as mea-
sured in this in vitro assay.

Interestingly, we found that an hTERT truncation lacking
the first 200 amino acids could only synthesize short telo-
meric products in reticulocyte lysates, and could not elon-
gate partly nontelomeric primers. Due to the inability to
detect activity of the hTERT truncations by using a non-
PCR–based telomerase elongation assay, we cannot yet pre-
cisely define the nature of the polymerization defect (our
unpublished results). In cells, however, an hTERT truncation
spanning amino acids 201-1132 showed similar catalytic
properties and primer use to native human telomerase in
vivo. This result implies that there are factors within the cell
that allow efficient polymerization of certain hTERT trunca-
tions in vivo that are not present in RRL.

Recently, it has been reported that by using a similar in
vitro reconstitution assay that the minimal telomerase RNA
required for efficient telomerase catalysis spanned nucleo-
tides 133 to 1325 of hTER (Tesmer et al., 1999). Our results
showed that efficient telomerase activity could also be ob-
tained with hTER truncations of 1–354 or longer. However,
under the telomerase reconstitution conditions we have de-
veloped, we also observe catalytic activity with RNAs as
short as nucleotides 110 to 1159. Because certain telomer-
ase RNAs (1–159, 1–91, 10–91, and 40–159) are completely
inactive in our assay, it is clear that the 1/10–305, 1/10–205,
and 10–159 telomerase RNA truncations are active, albeit
weakly. We suggest that the prior addition of the telomerase
RNA during the translation of hTERT, as carried out in our
experiments, allows the detection of weak telomerase activ-
ity (Beattie et al., 1998).

Human telomerase RNA truncations deleted past nucleo-
tide 159 are inactive in the RRL reconstitution assay. These
shorter deletions are predicted to significantly disrupt a
stem-loop structure involved in a pseudoknot proposed by
Chen et al. (2000). This stem is critical for telomerase activity
in each of the separate assays developed to analyze human
telomerase RNA requirements (Autexier et al., 1996; Beattie
et al., 1998; Tesmer et al., 1999). In a truncated RNA spanning
nucleotides 10–159, the 39 stem of the pseudoknot is not
present, however, this RNA is still weakly active. When the
39 stem of the pseudoknot is disrupted in the context of the
full-length RNA, catalytic activity it abolished (Autexier et
al., 1996). It therefore appears that deletion of this stem is
less detrimental than its disruption. Also, although a portion
of the pseudoknot structure is disrupted, the 10–159 RNA
can still bind hTERT. This result differs slightly from what is
observed with Tetrahymena telomerase, in that disruption of
the pseudoknot in the telomerase RNA abolishes tTERT
binding (Gilley and Blackburn, 1999). There is little structure
associated with the first 90 nucleotides of human telomerase
RNA as suggested by the secondary structure model pro-
posed by Chen et al. (2000). However, a telomerase RNA
spanning nucleotides 1–91 and 10–91 can still bind hTERT in
RRL. It therefore remains to be determined what sequences
or tertiary structures are critical for hTERT binding in RRL
and whether other factors within the RRL may contribute to

the ability of hTERT to bind hTER. Although the template
region of the telomerase RNA may be important for binding,
this region is not sufficient for an interaction with hTERT
because a telomerase RNA spanning nucleotides 40–159,
which contains the RNA template, cannot interact with
hTERT. Based on the secondary structure model for human
telomerase RNA (Chen et al., 2000), the partially inhibitory
role of the first 10 nucleotides with hTER truncations re-
mains unknown. We cannot rule out, however, that there are
subtle conformational differences with each of the hTER
truncations that allow for binding to hTERT proteins, but
not catalytic activity.

Our results suggest that there are conditions present in
human cells, but not present in RRL, that affect the assembly
and catalytic activity of human telomerase. For example,
posttranslational modification of hTERT necessary for as-
sembly or catalysis could occur in cells but not in reticulo-
cyte lysates. It remains possible that misassembled hTERT
truncations in reticulocyte lysates could remain unaffected
by the addition of cell extract. However, the ability of these
hTERT truncations to bind several regions of hTER and
TEP1 argue against the gross misfolding of these proteins.
Finally, a nondiffusible factor may be present in the cell
extract that is not available to complex with the recombinant
hTERT truncations. These factors are not likely to be p23 or
hsp90 because foldosome proteins are present both 293T cell
extracts and RRL. As yet, no additional “core” telomerase
catalytic components, other than the telomerase RNA and
hTERT, have been identified.

One intriguing possibility to explain the differences in
telomerase reconstitution between RRL and 293T cells is the
ability of “inactive” hTERT to form a multimer with endog-
enous hTERT when transfected into 293 cells. Such a func-
tional interaction has been previously observed by using
different mutations of the yeast telomerase RNA, which led
to the hypothesis that telomerase may contain two active
sites (Prescott and Blackburn, 1997a). These experiments,
however, do not rule out other types of functional interac-
tions that do not require multimerization. Future experi-
ments in cells lacking endogenous TERT will enable us to
discern whether such a functional interaction is able to con-
fer catalytic activity to some of the hTERT truncations.

There are many different types of conformational changes
associated with the formation of an active RNP complex.
RNA–protein interactions can function cooperatively to as-
semble into an active complex. In ribosome assembly, pro-
tein binding induces conformational changes within the
rRNA (Weeks, 1997), and in the case of the N-protein from
bacteriophage l, much of the protein remains unstructured
until it is bound to the nut site RNA (Mogridge et al., 1998).
Conformational changes within RNA–protein complexes oc-
cur to facilitate biochemical reactions. This is demonstrated
by the several conformational changes in the spliceosome
that occur before the catalysis of splicing (Sontheimer and
Steitz, 1993; Madhani and Guthrie, 1994; Newman et al.,
1995; Kim and Abelson, 1996). Our data suggests that coop-
erative RNA/protein folding and/or conformational
changes probably occur within the telomerase RNP. Al-
though many of the hTERT truncations are competent to
bind the telomerase RNA it remains unclear whether this
RNA–protein complex is competent for telomerase activity.
Perhaps subtle conformational changes aside from hTER
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binding are needed for optimal catalysis of certain hTERT
protein truncations. We have identified a number of RNA–
protein and protein–protein interactions within the human
telomerase complex that are important for the formation of
catalytically active telomerase.

This study has demonstrated that the ability of hTER and
hTERT to reconstitute telomerase activity in vitro is depen-
dent on both regions of the hTERT protein outside the
conserved RT domain and regions of telomerase RNA out-
side the telomeric template. We observed differences be-
tween the reconstituted enzyme and the native enzyme,
suggesting that critical factors or conditions are not present
in the reticulocyte lysate. Further studies are aimed at iden-
tification of the factors critical to reconstitution of telomerase
with properties similar to the native enzyme, and under-
standing the intricacies of the telomerase polymerization
mechanism in a highly purified, reconstituted telomerase
RNP.
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